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Direct conversion of chitin to 3-acetamido-5-acetylfuran (3A5AF) in a range of ionic liquids (ILs) has been
systematically investigated. 10 ILs with diﬀerent cations and anions were tested as the solvent and 25
additives were screened. The results revealed that the presence of Cl in the IL is essential. In addition to
the solubility enhancement of chitin in Cl containing ILs, the Cl anion appeared to participate in the
chitin reaction cycle in IL solvents. 3A5AF can be obtained in some ILs, such as [BMIm]Cl, without any
additive. Signiﬁcantly enhanced yields of 3A5AF were obtained in [BMIm]Cl using boric acid and
hydrochloric acid (HCl) as additives at 180 C, a lower temperature than using organic solvents (215 C).
Kinetic studies showed that the product formed very quickly within 10 min, with much higher initial rate
than using organic solvents. Recovered chitin was characterized by X-ray diﬀraction (XRD), Fourier
transform infrared spectroscopy (FTIR) and elemental analysis (EA). In an eﬀort to improve the yield,
extraction and distillation were attempted for both chitin and chitin monomer, N-acetyl-D-glucosamine
(NAG). Further studies were performed on NAG to see if acidic ILs would lead to enhanced reactivity.
However, these were less eﬀective.1. Introduction
With growing concerns of depleting natural resources around
the world, recent research has become focused on renewable
feedstocks,1–3 of which lignocellulosic biomass draws the most
scientic eﬀort.4–7 Limited attention has been paid to ocean-
based biomass. Between 2000 to 2012, less than 2.5% of
about 30 000 publications on renewable feedstocks published
concentrated on marine feedstocks.8 Therefore, ocean-based
biomass, which holds a substantial potential for chemical
production, has been underutilized. Chitin, an example of
oceanic biomass, is the world's second most abundant biomass
next to cellulose.9–11 It makes up 20–25% of crustacean shells
such as crabs and prawns, which are readily available as waste
from shing and food industries. The abundance, sustainability
and easy manufacture make it remarkably advantageous to
utilize chitin as a resource for the production of various value-
added chemicals. Moreover, chitin is made up of N-acetyl-D-
glucosamine (NAG) monomers, which is an amino sugar
inherently containing nitrogen. This unique property of chitin
potentially enables the direct production of nitrogen-containing
(N-containing) compounds from chitin, which cannot be ach-
ieved from lignocellulosic biomass. Currently, the synthesis oflar Engineering, National University of
ingapore. E-mail: ning.yan@nus.edu.sg
sity of Newfoundland, St. John's, NL, A1B
tion (ESI) available. See DOI:
hemistry 2015N-containing compounds starting from ammonia synthesis is
usually laborious and energetically expensive. Transformation
of chitin and related aminocarbohydrates into certain
N-containing chemicals, therefore, is highly desirable.
Unfortunately, little has been done to transform chitin into
chemicals until very recently. Chitin was converted into
5-hydroxymethylfurfural (5-HMF) and levulinic acid (LA).12,13
Chitin liquefaction in ethylene glycol via acid catalysis into a
mixture of amino sugars has also been reported.14 Trans-
formation of NAG, the monomer of chitin, has proved to be
more successful.15–18 For example, 3-acetamido-5-acetylfuran
(3A5AF) can be produced through pyrolysis at high tempera-
tures19 and microwave irradiation15,16 with 2% and 62% yields,
respectively. Nevertheless, NAG has to be obtained through the
hydrolysis of chitin catalyzed by enzymes20–24 or concentrated
acids,25 which is oen ineﬃcient and/or environmental
unfriendly. In this regard, direct formation of small molecule
chemicals from chitin in a single step would be desirable.26 We
recently demonstrated the direct conversion of chitin into
3A5AF (Scheme 1) with ca. 7% yield. Unfortunately, N-methyl-2-Scheme 1 Reaction of chitin conversion into 3A5AF product.
RSC Adv., 2015, 5, 20073–20080 | 20073
Chart 1 The chemical structures of the used protic ILs.
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View Article Onlinepyrrolidone (NMP), an organic, toxic solvent and a high reaction
temperature (at 215 C for two hours) were needed.27
Consequently, our further eﬀort has been directed towards
switching the solvent system to more environmentally benign
ones, and to enable the reaction under milder conditions. To
this end, we evaluated the possibility of conducting the reaction
in ionic liquids (ILs), which are non-volatile, recyclable and
possess better capability for chitin dissolution. ILs, which are
completely composed of ions and are liquid at or close to room
temperature,28,29 are suitable alternatives as the reaction media.
In particular, ILs have proven to be excellent reaction media for
cellulose- and lignin-based biorenery processes.30–32 Detailed
studies on direct transformation of chitin in ILs has not been
described before, but it is not unreasonable to speculate that ILs
may be suitable solvents for chitin conversion,33–36 because of
the structural similarity between chitin and cellulose and that
certain ILs exhibit higher capacity for chitin dissolution than
organic solvents.33 In this study, 10 ILs and 25 additives were
tested for conversion of chitin into furan products, and the
inuences of diﬀerent IL and additives will be discussed in
detail below. Reaction conditions were optimized and the
recovered solids aer the reaction were characterized. Compa-
rable yield of 3A5AF could be obtained under milder conditions
in ILs than NMP, with the optimum temperature dropped from
215 to 180 C and enhanced reaction rates. In an eﬀort to
enhance the product yield, extraction and distillation have been
attempted. Nevertheless, the yield was not improved signi-
cantly. As a result, experiments were performed on further
optimizing 3A5AF production from the monomer sugar. We,
and others, have shown that acidic additives signicantly
improve the yields of furans produced from NAG and other
hexoses. In particular, acidic ionic liquids have been widely
studied for carbohydrate to furan conversion processes,31,37 but
have not been used in the dehydration of amino sugars. We
thought that using such ionic liquids (examples in Chart 1)
would simplify the reaction system and mean that other addi-
tives, such as boric acid, would no longer be needed.2. Experimental
2.1 Materials and characterization
Chitin was purchased fromWako Pure Chemical Industry. Boric
acid was purchased from Amresco. Sodium chloride (NaCl) was
bought from Schedelco. Lithium chloride (LiCl) was purchased
from Alfa Aesar. NAG, barium, cesium, iron(II) and tin(II),
chloride salts (BaCl2, CsCl, FeCl2 and SnCl2, respectively) were
purchased from Sigma Aldrich. Other chemicals such as
aluminium chloride (AlCl3), calcium chloride (CaCl2), chro-
mium chloride (CrCl3), cobalt chloride (CoCl2), and nickel
chloride (NiCl2) were obtained from Sinopharm Chemical20074 | RSC Adv., 2015, 5, 20073–20080Reagent (SCR). [AMIm]Br, [AMIm]Cl, [BMIm]Ac, [BMIm]BF4,
[BMIm]Cl, [BMIm]CF3SO3, [BMIm]NTf2, [BMIm]PF6, [EMIm]Cl
and [HOEMIm]Cl were purchased from Lanzhou Institute of
Chemical Physics. All the chemicals were used as received.
[BMIm]Cl, [BMIm]HSO4 and [BMIm-SO3H]HSO4 were prepared
according to literature procedures38–40 or purchased from Alfa
Aesar or Sigma Aldrich.
X-ray powder diﬀraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and elemental analysis (EA) have been used
for the characterization of chitin and the recovered solids. XRD
with Cu Ka radiation at 40 kV was conducted on a Bruker D8
Advanced Diﬀractometer. The equations for crystalline index
(CI), d-spacing and lattice size calculation are provided in the
ESI.† FTIR was performed using a Bio-Rad FTS-3500 ARX
instrument. EA was conducted using an Elementar Vario Micro
Cube. High-performance liquid chromatography (HPLC) was
performed using an Agilent 1200 Series (Agilent Technologies,
Germany) LC system, with an Agilent ZORBAX Eclipse carbon-
18 column and a UV-vis detector. The mobile phase consisted
of 83%water and 17% acetonitrile at a ow rate of 0.5 mLmin1
and analysis time of 15 min. 3A5AF has peak absorbance at
230 nm. 3A5AF standard was prepared according to literature
methods;15 a calibration curve was then plotted and applied for
quantication of 3A5AF. GC-MS data were obtained using an
Agilent Technologies 7890 GC with 5975 MSD and quantica-
tion performed as described elsewhere.16 Chloride levels were
measured by ICP-MS (Perkin Elmer Sciex Elan DRC II ICPMS)
and water levels through Karl-Fisher titration (Mettler Toledo
C30 Coulometric KF Titrator) for both purchased and prepared
ILs.
2.2 General procedures
2.2.1 Conversion of chitin in ILs. Chitin (80 mg,
0.394 mmol), boric acid (97 mg, 1.57 mmol), hydrochloric acid
(32.6 mL, 0.394 mmol), and anhydrous [BMIm]Cl (1.0 g) were
added into a thick-walled glass tube (35 mL) containing a
magnetic stir bar. For screening purpose, various types and
amounts of additives were varied, but the amounts of chitin and
IL were always kept identical. Aer sealing with a Teon cap, the
tube was placed into a multi-cell reactor at the desired
temperature. Each time, up to nine tubes can be placed into the
multi-cell reactor. Detailed information on the reaction time,
temperature, additives are provided in the tables and gure
captions.
Aer the reaction (typically 1 h), the reactor was cooled down
to room temperature by cooling water. Methanol (20 mL) was
added into each tube, aer which the tube was sealed and
vigorously shaken for 3 min. A portion of the methanol solution
(1 mL) was ltered over a PTFE syringe lter (0.2 mm pore size)
before HPLC analysis.
To determine the conversion of chitin, the remaining solid
was isolated by centrifuging the reaction mixture, and washed
with water three times before drying in an oven at 70 C for 12 h.
The formula below is used to calculate the conversion:
Conversion ¼ ðMo MtÞ
Mo
 100%This journal is © The Royal Society of Chemistry 2015
Scheme 2 The diagram for reactive distillation process.
Fig. 1 Solubility test of chitin in diﬀerent ILs, (a) clear solution of chitin
in [AMIm]Br, [BMIm]AC and [HOEMIm]Cl; (b) slightly opaque solution
of chitin in [AMIm]Cl, [BMIm]Cl and [EMIm]Cl; (c) suspensions of chitin
in [BMIm]PF6, [BMIm]BF4, [BMIm]NTf2 and [BMIm]CF3SO3.
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View Article Onlinewhere Mo is the initial mass of chitin and Mt is the mass of
recovered solid.
All reactions followed the general procedure, while varying a
few parameters, namely solvent, additive, amount of additive,
reaction time and temperature. In particular, for solvent
screening, each ionic liquid (1 g) was added to each test-tube
containing chitin (80 mg, 0.394 mmol), under three condi-
tions: (1) without any additives; (2) with boric acid (97 mg,
1.57 mmol) only; and (3) with chromium chloride (105 mg,
0.394 mmol) only. Each sample was reacted at 180 C for 1 h.
The recyclability of IL was examined in the following way.
Chitin (80 mg, 0.394 mmol) with boric acid (97 mg, 1.57 mmol)
were heated at 180 C for 1 h in [BMIm]Cl (1 g). Then, 20 mL
water was added and undissolved solids were removed by
centrifugation. Next, the water phase was extracted by ethyl
acetate (15 mL) for 3 times. Lastly, the water was evaporated
under high vacuum at 90 C. The recovered IL was reused by
supplementing chitin and boric acid.
2.2.2 Conversion of NAG in ILs. Reactions were performed
using a Biotage Initiator 2.5 microwave system in a similar
manner to previously described.15 100 mg NAG, 750 mg [BMIm]-
Cl (or the corresponding molar equivalent of [BMIm]HSO4 or
[BMIm-SO3H]HSO4) and additives (boric acid or NaCl) were
placed in a microwave vial. The mixture was warmed gently to
obtain a homogeneous solution and if used, an extraction
solvent (primary alcohol, MIBK, 2,5-dimethyltetrahydrofuran or
ethyl acetate) was added. The vial was sealed and heated to 180
C for 3 min. The sealed microwave vials can withstand an
interior vapor pressure of approximately 20 bar, and are
specially designed for use with solvents above their boiling
points. Products were extracted using ethyl acetate and quan-
tied by GC-MS analysis.
2.3 Solubility test
A simple solubility test of chitin in ionic liquids was conducted
by mixing chitin (5 mg, 0.025 mmol) with various ionic liquids
(0.5 g). Aer adding in a magnetic stirrer bar and sealing with
Teon caps, the mixtures were mixed at 100 C for 1 h under
stirring. Optical appearances of the nal mixtures were recor-
ded, to provide a rough comparison of solubility behavior of
chitin in various ILs.
2.4 Methods for the improvements of product yield
Extraction and distillation were attempted. The extraction was
conducted by adding extra 3 mL of methyl isobutyl ketone
(MIBK) into the reaction system as described in general proce-
dures. Thus, the reaction system contains two layers with IL
reaction layer at the bottom and MIBK extraction layer at the
top. The installation for reactive distillation is shown in Scheme
2. The reaction was heated and reacted at 180 C while a high-
vacuum pump was applied during the reaction. An Edwards
Rotary Vane Pump (Model RV3) with an ultimate pressure of
0.002 mbar was used. MIBK steam distillation was conducted by
adding a heating unit to the reactive distillation system, which
was the container and steam generator of water or MIBK by
heating to the relative boiling point temperature.This journal is © The Royal Society of Chemistry 20153. Results and discussion
3.1 Solvent screening
10 diﬀerent ILs with various cations and anions were used,
including [AMIm]Br, [AMIm]Cl, [BMIm]Ac, [BMIm]BF4, [BMIm]-
Cl, [BMIm]CF3SO3, [BMIm]NTf2, [BMIm]PF6, [EMIm]Cl and
[HOEMIm]Cl. Although several papers have described the
dissolution behavior of chitin in ILs,33,41–43 contrary observa-
tions were reported possibly because the solubility not only
depended on the structure of the ILs but also the sources of
chitin, purity and so on. Thus, a simple solubility test (see Fig. 1)
was conducted before the reaction. [AMIm]Br, [BMIm]Ac and
[HOEMIm]Cl are able to dissolve chitin completely leading to
clear solutions. Besides, [AMIm]Cl, [BMIm]Cl and [EMIm]Cl can
partially dissolve chitin resulting in slightly opaque solutions.
Nevertheless, [BMIm]PF6, [BMIm]BF4, [BMIm]NTf2 and [BMIm]
CF3SO3 cannot dissolve chitin. Hydroxyl group functionalized
IL, [HOEMIm]Cl, exhibited a better dissolution capability than
[EMIm]Cl, possibly because the incorporation of a hydroxyl
group increased the interaction between the solvent and the
hydroxyl groups in chitin polymer chain.
Aer the solubility test, blank experiments were conducted
by adding chitin into the IL solvent at 180 C for 1 h (see Fig. 2a).
Surprisingly, 3A5AF was observed in [AMIm]Cl, [BMIm]Cl and
[EMIm]Cl without any additive; whereas no 3A5AF was formed
in pure organic solvents even at 225 C.27 Note that all the three
ILs in which 3A5AF was generated all contain Cl anion and
exhibit partial solubility towards chitin. Nevertheless, [AMIm]-RSC Adv., 2015, 5, 20073–20080 | 20075
Fig. 2 (a) Blank experiments for chitin conversion in ILs; (b) chitin
conversion in ILs with boric acid or CrCl3 additive. Reaction conditions:
chitin (80 mg), IL (1 g), 400 mol% additive to substrate if added, 180 C,
1 h.
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View Article OnlineBr, [BMIm]Ac and [HOEMIm]Cl which are able to completely
dissolve chitin aﬀorded no product, indicating that solubility is
not the determining factor for the reaction, but Cl anion seems
to be essential. To further substantiate our assumptions and
screening the solvents, boric acid or CrCl3 were used as the
additives, which have demonstrated eﬀectiveness in cellulose/
chitin conversion.21,44–46 The results were consolidated in
Fig. 2b alongside the blank experiments. In all cases, only IL
containing Cl anion formed 3A5AF products, which conrms the
importance of Cl in these reactions. In the presence of additives,
the yields improved remarkably. [BMIm]Cl and [EMIm]Cl
showed the best performance with around 4.5% yield in the
presence of boric acid and 2.3% yield with CrCl3. [HOEMIm]Cl
produced 1.5 and 1.1% yield of 3A5AF in the presence of boric
acid and CrCl3 respectively. However, in [AMIm]Cl, there was no
product formation upon adding boric acid, and the yield in the
presence of CrCl3 is comparable to the blank experiment.
Overall, hydroxyl-functionalized cation-containing ILs were still
less active in the presence of additives. Possibly the interaction
between the functionalized cation and chitin chain inhibited the
formation of 3A5AF. Based on these results, it was concluded
that ILs with cations bearing alkyl chains and Cl as the anion
were themost suitable solvents for chitin conversion into 3A5AF.3.2 Additives screening
[BMIm]Cl was selected as the solvent in the following experi-
ments because its performance was good and had the highest
yield in blank experiments. For the screening of additives,
single additives and combinations of additives were
investigated.
3.2.1 Single additive screening. A wide range of additives
was evaluated, including group I and group II metal chlorides,20076 | RSC Adv., 2015, 5, 20073–20080other metal chlorides and oxides, acids and alkalis. Chloride
salts were used because Cl appears to have a positive inu-
ence on the conversion. Besides, chloride salts and boric acid
have been employed widely for eﬃcient conversion of
biomass.20,47,48 100 mol% of the additive (mole percentages
relative to chitin) was added to 80 mg of chitin at 180 C with
reaction time of 1 h, and the results were shown in Fig. S1.† For
the alkali and alkali earth metal salts, a small increase of the
yield from the blank experiment (0.9%) to about 1.5% was
observed (see Fig. S1a†). When using other metal salts
(Fig. S1b†), Co, Ni and Zn chloride salts led to less 3A5AF than
in the blank experiments, and MnCl2 and FeCl2 showed
comparable yields. Among other salts that led to improved
reaction performance, AlCl3 gave the highest 3A5AF yield
(3.1%). AlCl3 is known to react with [BMIm]Cl to form a tetra-
chloroaluminate species bearing Lewis acidity and may thus
result in enhanced yield. WO3 was also used because it has
been reported to promote biomass conversion due to its
acidity.49 For base and acid additives, base did not improve
yields which was the same situation when using organic
solvents.27 However, acids were notably eﬀective in the
conversions using IL solvents (Fig. S1c†). HCl showed better
performance than H2SO4 and H3PO4, which can be attributed
to Cl in addition to the strong acidity. By using HCl alone, the
yield reached 3.8%. Still, boric acid gave the best performance,
which was in accordance with previous papers. It is believed
that boric acid facilitates both the hydrolysis of chitin and the
dehydration due to its acidity and the coordination with
hydroxyl groups to form a boron complex.27 In the additive
screening, diﬀerences could also be observed between chitin
conversion in ILs and organic solvents. Most of the single
additives were eﬀective resulting in enhanced 3A5AF yields in
ILs, whereas only three additives (boric acid, HCl and CrCl3)
proved eﬀective and produced 3A5AF in organic solvents. Also,
the main role of Cl in chitin conversion in organic solvents was
assumed to be enhancing the solubility of chitin without
participating in the reaction cycle. In contrast, for the conver-
sions in ILs presented herein, solubility was not a fundamental
issue and it seems likely that the Cl ions may actually take part
in the reaction because no 3A5AF was produced without the
presence of Cl.
3.2.2 Combination of additives. In order to improve the
yield, combinations of additives were attempted. As boric acid
gave the highest yield amongst the single additives, it was xed
as one of the additives in the combinations. The results were
shown in Fig. 3. The addition of group I and II metal chlorides
further increase the product yield but not signicantly, with
CaCl2 showing the best performance. On the other hand, the
addition of FeCl3 and CrCl3 reduced the yield as compared to
using boric acid alone. Notably, the combination of boric acid
with a mineral acid resulted in highest yields. Among the
mineral acids, HCl still fared the best, achieving 6.2% yield;
H3PO4 which is a weaker acid also exhibited a comparable
performance. It is assumed that the combined additives led to
synergistic eﬀects where the acids promoted the hydrolysis of
chitin to its monomers and boric acid aided in the next dehy-
dration step, resulting in enhanced yields.This journal is © The Royal Society of Chemistry 2015
Fig. 3 Comparison of yield of 3A5AF by using single or combinational
additives. Reaction conditions: 180 C, [BMIm]Cl (1 g), chitin (80 mg),
single additive (100 mol%), with or without boric acid (400 mol%), 1 h.
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View Article Online3.3 Optimization of reaction conditions for chitin
conversion
3.3.1 Eﬀect of substrate concentration and additive
amount. The amount of chitin varying from 30, 50, 80 to 100 mg
were investigated with the IL solvent xed at 1 g. 8 wt% was the
optimized loading for chitin substrate (see Fig. S2†). The amounts
of additives were also optimized (see Fig. S3 and S4†). First, boric
acid was used alone and the optimized amount was 400 mol%
(molar ratio to the substrate). Then the combination of boric acid
andHCl was employedwith boric acid xed at 400mol% andHCl
varied from 0 to 300 mol%. The addition of HCl promoted the
hydrolysis of chitin and thus increased the product yield.
However, when further increasing the amount of HCl, the 3A5AF
yield dropped. This may be due to instability of the product and
the additional acid may have facilitated decomposition. As a
result, the optimum additive amounts were determined to be 400
mol% boric acid and 100 mol% HCl, with a 3A5AF yield of 6.2%.
The recyclability of [BMIm]Cl with boric acid as the promotor
was examined. The IL was diluted with water aer the reaction
to remove the water insoluble parts. The organic compounds
were removed by extraction. Finally, [BMIm]Cl was regenerated
aer removing water under high vacuum and reused with
freshly added boric acid and chitin. The results were shown in
Table S1.† A negligible decrease of yield was observed aer the
recycling of IL for 2 times. Although decomposition of [BMIm]Cl
at 180 C may occur,15 it was not severe and most of [BMIm]Cl
still function in the recycling.
3.3.2 Eﬀect of temperature on chitin conversion into
3A5AF. Temperature was found to be an important factor in
chitin conversion when using organic solvents. However, the
inuence of temperature seemed less signicant in ILs. By
varying the temperature from 170 to 200 C, there was no
signicant change in the yield (see Fig. S5†). Previously, it was
reported that high temperature favored chitin conversion.27
Elevating the temperature to improve the yield may be less
eﬀective in ILs because ILs can become unstable and decom-
pose at temperature above 180 C.15 Further increases in the
temperature were not attempted and the optimal reaction
temperature was set at 180 C.This journal is © The Royal Society of Chemistry 20153.4 Characterization of recovered solids from chitin
conversions
Aer the reactions, the unreacted chitin was recovered. XRD,
FTIR and EA techniques were used for the characterization. The
FTIR spectrum of recovered solid resembled that of pure chitin
(see Fig. 4). In the FTIR spectra, the bands at 3487 and
3447 cm1 represents the stretch of the OH, and those at 3261
and 3103 cm1 represents the vibration of the NH.50 CH
symmetric CH3 stretching and asymmetric CH2 stretching are
represented by bands at 2889, 2932, 2960 cm1, while the CH2
wagging, CH bending and CH3 symmetric deformation are
attributed to peaks at 1313 and 1379 cm1.51 The amide I band
split into two peaks at 1661 and 1624 cm1 indicating two types
of inter-hydrogen bonds: the interaction of C]O with the N–H
group and with the side chain group –CH2OH.52 Meanwhile, the
amide II band is observed at 1555 cm1. C–O bond stretching,
asymmetric in-phase ring and asymmetric bridge oxygen
stretching modes are represented respectively by the bands at
1028, 1072, 1117 and 1157 cm1. Comparing the FTIR spectrum
of recovered solid with that of pure chitin, it seems that most of
the characteristic peaks remain unchanged in terms of the
shape, position and relative size. It can thus be inferred that
there were insignicant changes in the chemical structure such
as functional groups, side chains and hydrogen bonding
network aer the reaction.
XRD was employed to compare the crystallinity of the chitin
before and aer reaction. As shown in Fig. 5, the XRD spectra
revealed no appreciable diﬀerence between pure chitin and
recovered solid, as both have similar peak positions, intensities
and shape. By using the XRD data, the CI, d-spacing and lattice
size were calculated and are listed in Table 1. The CI value was
almost maintained, indicating that the crystalline nature of
chitin was not damaged during the course of the reaction. The
lattice size became slightly bigger aer the reaction than the
initial pure chitin, which perhaps indicates a slight loosening of
the inter-polymer chain interactions.
For composition analysis, EA was conducted and the results
were shown in Table S1.† Consistent with the XRD and FTIR
analysis, the diﬀerence in the composition before and aer theFig. 4 FTIR spectra of chitin and recovered solid after reaction.
RSC Adv., 2015, 5, 20073–20080 | 20077
Fig. 5 XRD spectra of chitin and recovered solid after reaction.
Table 1 Crystal information of chitin and recovered solid obtained
from XRD analysis
Entry CI/% d spacing/nm Lattice size/nm
Chitin 91 0.466 9.7
Recovered solid 91 0.465 10.0
Fig. 6 Kinetic studies of chitin dehydration into 3A5AF in IL and
organic solvents. Reaction conditions in IL solvent: 180 C, [BMIm]Cl
(1 g), substrate (80 mg), boric acid (400 mol%), HCl (100 mol%);
reaction conditions in organic solvent: 215 C, NMP (3 mL), chitin
(100 mg), boric acid (400 mol%), NaCl (200 mol%).
RSC Advances Paper
Pu
bl
ish
ed
 o
n 
12
 F
eb
ru
ar
y 
20
15
. D
ow
nl
oa
de
d 
by
 M
em
or
ia
l U
ni
ve
rs
ity
 o
f N
ew
fo
un
dl
an
d 
on
 9
/2
0/
20
18
 2
:3
3:
18
 P
M
. 
View Article Onlinereaction was not signicant, indicating that the recovered solid
largely maintained the chemical backbone of chitin. However,
from the EA analysis, it can be seen that the nitrogen and
especially the carbon content was higher in the recovered
chitin. It was likely that carbonization happened and the
recovered solid was a mixture of a small amount of carboniza-
tion product and unreacted chitin.53 To sum up, chitin retained
its crystalline structure, hydrogen bonding network and chem-
ical backbone aer the reaction, but carbonization reactionmay
occur to a small extent.3.5 Improvement of the product yield by extraction/
distillation
The kinetic prole of this reaction was obtained by varying the
reaction time from 3 to 120 min (see Fig. 6). Interestingly, the
yield of 3A5AF reached 4.1% within 5 min and 5.2% within
10 min, respectively. Compared to the kinetic prole of chitin
conversion in organic solvents, the dehydration rate has been
accelerated in ILs and a much higher initial rate was been
observed. However, aer the initial 10 min, the yield increased
quite slowly and reached a peak value if 6.2% at 60 min. By
further prolonging the reaction time, the yield began to
decrease slightly showing that the product may not be stable
aer 60 min. Therefore, although the use of ILs shows some
advantages such as the more rapid reaction rate and lower
temperature employed, the nal yield of 3A5AF was not
improved. According to the kinetic prole, it is reasonable to
infer that possible product inhibition occurred during the
reaction, which could explain the high initial reaction rate and
much slower rate aer 10 min.
As a result, extraction and distillation methods were
considered for in situ product separation which may shi the20078 | RSC Adv., 2015, 5, 20073–20080equilibrium towards the production of 3A5AF and thus increase
the yield. The extraction was achieved by simply adding MIBK
solvent as an upper layer; this kind of reaction system has been
reported previously and proved eﬀective in 5-HMF extraction.54
However, no product was detected within the MIBK layer aer
the reaction and the yield was not enhanced in the presence of
MIBK. This showed that the extraction of MIBK as an upper
layer could not provide enough driving force to transfer the
product from the IL layer. Aerwards, reactive distillation,
which may have a stronger driving force, was employed to
separate the 3A5AF product from the reaction system. Reactive
distillation was attempted by (i) using a high-vacuum pump,
and (ii) constantly passing the MIBK vapour through the IL
layer, which have been successfully applied for 5-HMF separa-
tion and yield improvement by others.55 It is believed that by
enabling the MIBK vapour to enter the IL layer oﬀers more
chances for drawing out the product than the two-phase
extraction. Unfortunately, aer several attempts, the product
was not distilled out of the system. These two commonmethods
for 5-HMF extraction and separation were not eﬀective for
3A5AF separation in chitin conversion. Nevertheless, extraction
of 3A5AF appeared to be eﬀective if the starting material was
N-acetyl-D-Glucosamine, see below.3.6 N-Acetyl-D-glucosamine (NAG) conversion in protic ILs
Chitinmonomer NAG was then used as the feedstock for further
investigation due to its structural simplicity. A series of reac-
tions using NAG were performed in order to (i) determine
whether reactive extraction/distillation procedures show
promise in the monomer conversion, and to (ii) conrm that
hydrolysis of the chitin is one of the limiting steps in these
reactions. Also, as addition of Brønsted acids (HCl, H3PO4) had
shown synergistic eﬀects when used with boric acid for
conversion of chitin, we intended to determine whether protic
ionic liquids such as [BMIm]HSO4 and [BMIm-SO3H]HSO4 were
suitable media for these reactions and could be used in place of
neutral ILs with aqueous acid additives.This journal is © The Royal Society of Chemistry 2015
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View Article OnlineFirst, control reactions in [BMIm]Cl, [BMIm]HSO4 and
[BMIm-SO3H]HSO4 were performed, where 100 mg NAG was
dissolved in 750 mg [BMIm]Cl (or the corresponding molar
equivalent of a protic IL) and heated to 180 C for 3 min. Yields
of 3A5AF were <1% from [BMIm]Cl, 7.8% from [BMIm]HSO4
and 0% from [BMIm-SO3H]HSO4. It should be noted that in our
previous studies, a control reaction using [BMIm]Cl gave a yield
of around 20% (ref. 15) and this was because the NAG used
contained a boron-containing impurity that catalyzed the reac-
tion.16 We postulated that the acidic reaction media might be
entraining our product in the IL phase and therefore neutrali-
zations were performed using a range of bases including
NaHCO3. However, no signicant diﬀerences in yield were
observed. Next, extraction during reaction was attempted in
[BMIm]Cl in the presence of two equivalents of boric acid. 3 mL
MIBK was added into the vial as an extraction layer under
microwave irradiation, and 30.2% yield of 3A5AF was obtained.
Other solvents, which are useful solvents in the extraction of
5-HMF in biorenery processes,56,57 including EtOAc, 1-butanol
and 1-hexanol were also employed as the extraction
layer, aﬀording 3A5AF yield of 32.9%, 14.6% and 34.6%
respectively. Considering the low boiling point and relatively
environmentally-benign nature,58 EtOAc was selected as the
most suitable solvent. When 3 mL EtOAc was present as an
extraction solvent in [BMIm]HSO4, the yield increased moder-
ately to 10.7% aer 3 min, and further increased to 17.3% aer
15 min. As [BMIm-SO3H]HSO4 did not produce any 3A5AF, and
is more challenging to produce and thus more expensive than
the other ILs studied, it was not investigated further. These
results show that (i) the type of protic ionic liquid has a signif-
icant eﬀect on the reaction outcome, (ii) lengthening reaction
times can favourably increase yields, and (iii) the presence of a
solvent in the microwave vial can serve to extract the product in
situ and can lead to increased yields. The extraction method
proves eﬀective in NAG conversion under microwave irradia-
tion, supporting our assumption that product inhibition might
occur. However, such extraction was not successful in direct
chitin conversion. This may be due to the increased viscosity
and diﬃculty for the extraction from the chitin-IL system.
The eﬀect of additives (boric acid and NaCl) on reactions in
[BMIm]Cl and [BMIm]HSO4 in the presence of EtOAc, as an
extraction layer, was studied. Addition of 1 molar equivalent or 2
molar equivalents of boric acid increased the yield in [BMIm]Cl
from <1% to 19.1% and 32.9% respectively. Furthermore, if fresh
EtOAc (3 mL) was added to the microwave vial of the latter
experiment aer the rst EtOAc extraction layer had been
removed and the mixture heated for another 3 min at 180 C, an
increase in yield to 40.4% was obtained. The yield was further
increased to 48.8% by performing a third reactive extraction
step. Increasing reaction time from 3 min to 9 min and
increasing the volume of EtOAc used from 3 mL to 9 mL, the
yield could be further increased to 55.6%. In contrast, reactions
in the presence of two molar equivalents of boric acid in [BMIm]
HSO4 had a decreased yield, 9.8% (cf. 10.7% with no boric acid).
This shows that although HCl and other acids lead to synergistic
eﬀects with boric acid in the conversion of chitin to 3A5AF. There
is no similar eﬀect when NAG is used as the feedstock. This lendsThis journal is © The Royal Society of Chemistry 2015further credence to the hypothesis that the role of the mineral
acid in the conversion of chitin is to hydrolyze the biopolymer.
When NAG is used as the feedstock, there is no benet in
employing an additional acid and boric acid is superior at
dehydrating the sugar to the desired furan. In agreement, with
the studies on chitin described above, addition of one molar
equivalent of NaCl (as a source of Cl ions) to a reaction in [BMIm]
HSO4 led to an increased yield, 15.4% (cf. 10.7%without NaCl). It
should be noted that for reactions involving added NaCl, the
microwave temperature had to be ramped (1 min at 100 C, 1
min at 120 C, 1 min at 140 C, 1 min at 160 C and 1 min at 180
C) to prevent overheating and temperature spikes because of
the increased ion concentration and thereby increased conduc-
tion of microwave-heat. Temperature spikes could lead to rapid
increases in vapor pressure within the microwave vials, which
could lead to rupture of the vial. Addition of two equivalents of
NaCl to the reaction in [BMIm]HSO4 gave a yield of 19.7%, which
is close to double the yield in the absence of NaCl. These results
conrm the importance of Cl ions in the formation of 3A5AF
from both NAG and chitin.
4. Conclusion
In this paper, direct conversion of chitin to N-containing 3A5AF
in a variety of ILs has been demonstrated. The solvent screening
proved that the presence of Cl anion was a more signicant
factor than the solubility. Overall, the IL system appeared to be
superior to the organic system. 3A5AF was formed in the blank
and most of the Cl salts additive experiments by using IL as
solvent; whereas no product was observed under the employed
conditions by using organic solvent even at a higher tempera-
ture. Meanwhile, the kinetics showed that the product actually
formed more quickly. By using [BMIm]Cl as the solvent and the
combination of boric acid and HCl as the additives, comparable
yield of 3A5AF could be obtained within 1 h at 180 C. In an
eﬀort to enhance the yield, extraction and distillation were
attempted. The strategies were not eﬀective in chitin conversion
whereas the extraction method was proved to be promising in
NAG conversion. It suggests that improved methods for in situ
chitin hydrolysis are needed, as a key step in its direct, one-pot
transformation into N-chemicals. Therefore, IL functionaliza-
tion aimed at assisting in this step may require more rational
design. Future workmay have to nd other directions to improve
the reaction yield from chitin which currently remain low.
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